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Spin-­‐forbidden	
  chemistry	
  

Examples	
  
3O	
  +	
  singlet	
  	
  singlet	
   	
  	
  	
  	
  	
  	
  	
  radical	
  +	
  radical	
  	
  singlet	
  &	
  triplet	
  species	
  
3O	
  +	
  CO	
  	
  CO2 	
   	
  	
  	
  	
  	
  	
  	
  H	
  +	
  HO2	
  	
  products	
  
3O	
  +	
  alkene 	
   	
  	
  	
  	
  	
  	
  	
  H	
  +	
  NCO	
  	
  products	
  
	
  

	
  	
  	
  

How	
  accurately	
  can	
  we	
  calculate	
  spin-­‐forbidden	
  rates?	
  
Are	
  the	
  errors	
  due	
  to	
  the	
  PES	
  similar	
  to	
  those	
  for	
  spin-­‐allowed	
  kine&cs?	
  
What	
  are	
  the	
  errors	
  due	
  to	
  the	
  spin-­‐forbidden	
  theore&cal	
  models?	
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Preac = 1 at the TS is the 
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Products 
(triplet) 

The accuracy is “at best … one order of magnitude.” 
 

J. N. Harvey, “Understanding the kinetics of spin-forbidden 
chemical reactions,” PCCP 9, 331 (2007). 



Applying	
  NA	
  “TST”:	
  H	
  +	
  NCO	
  
Klippenstein	
  &	
  Harding,	
  PCI	
  32,	
  149	
  (2009)	
  
Complete	
  theore&cal	
  study	
  except	
  for	
  the	
  spin-­‐forbidden	
  kine&cs	
  
	
   HNCO + hν  NCO + H 

exp: Berghout, Hsieh, Crim, 
JCP 114, 10835 (2001) 
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Nonadiaba.c	
  “transi.on	
  state	
  theory”	
  
	
  	
   	
  sta.s.cal	
  theory	
  1974-­‐5	
  W.	
  H.	
  Miller,	
  J.	
  C.	
  Tully	
  

	
  
Improved	
  accuracy	
  for	
  spin-­‐forbidden	
  kineHcs	
  
1.	
  The	
  crossing	
  seam	
  is	
  not	
  a	
  transiHon	
  state	
  
	
  	
  	
  “Two	
  transi9on	
  state”	
  model	
  breaks	
  down	
  
	
  	
  	
  Nonlocal	
  (history-­‐dependent)	
  electronic	
  dynamics	
  
	
  	
  	
  Electronic	
  (de)coherence	
  
2.	
  MulHdimensional	
  effects	
  in	
  Phop	
  
	
  	
  	
  Global	
  seam	
  proper9es	
  
	
  	
  	
  Mu9dimensional	
  dynamics	
  
	
  
Examples	
  
	
  	
  	
  H	
  +	
  HO2,	
  O	
  +	
  CO	
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PTST  Heaviside (fundamental assumption) 
Ptunn  SCTST, SCT/LCT (multidimensional) 
Phop   new (multidimensional & nonlocal) 
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Error	
  analysis	
  for	
  H	
  +	
  HO2	
  

PES	
  –	
  singlet	
  –	
  triplet	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
MSX1:	
  H	
  +	
  HO2	
  →	
  HOOH*	
  →	
  H2OO*	
  →	
  3O	
  +	
  H2O	
  
	
  

Burke, Chaos, Ju, 
Dryer, Klippenstein, 

IJCK (2011) 
2 OH   95-59% 
H2 + O2     3-39% 
H2O + 1O     2% 
H2O + 3O     0% 
Small increases in 
branching to H2O 
+ O significantly 
affected modeling 
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SPiso MSX1 



relative to 
quantal HO 

QCISD(T)/ATZ 

Coun.ng	
  States:	
  MSXs	
  vs	
  SPs	
  
Errors	
  due	
  to	
  the	
  PES	
  &	
  the	
  HO	
  model	
  

quantal	
  HO:	
  basis	
  set	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ADZ 	
  	
  	
  	
  20%	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  AQZ 	
  	
  	
  <	
  2%	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  method	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  MP2 	
  	
  	
  	
  	
  -­‐30%	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  m06-­‐2x 	
  	
  	
  	
  	
  -­‐20%	
  
	
   	
  	
  	
  	
  	
  	
  	
  MRCI+Q 	
  	
  <	
  -­‐10%	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  CASPT2 	
  	
  <	
  -­‐10%	
  
	
  classical	
  HO 	
  	
  	
   	
  	
  	
  60-­‐0%	
  

	
  classical	
  anharmonic 	
  	
  70-­‐100%	
  	
  	
  	
  	
  
Pitzer-­‐Gwinn	
  (~quant.	
  an.)	
  20-­‐100%	
  

ADZ 
AQZ 

MP2 
m06 

MR CI/PT2 

SPiso 

classical HO 

classical  
anharmonic 

Pitzer-Gwinn 

Beyer-Swinehart 
direct counts  

Monte Carlo 
sampling 

small 

small 

big! 
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Coun.ng	
  States:	
  MSXs	
  vs	
  SPs	
  
Errors	
  due	
  to	
  the	
  PES	
  &	
  the	
  HO	
  model	
  

ADZ 

AQZ 

MP2 
m06 

MR CI/PT2 

MSX1 

classical HO 

classical  
anharmonic 

Pitzer-Gwinn 

relative to 
quantal HO 

QCISD(T)/ATZ quantal	
  HO:	
  basis	
  set	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ADZ 	
  	
  	
  -­‐15%	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  AQZ 	
  	
  	
  <	
  2%	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  method	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  MP2 	
  	
  	
  	
  	
  -­‐20%	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  m06-­‐2x 	
  	
  	
  	
  	
  -­‐10%	
  
	
   	
  	
  	
  	
  	
  	
  	
  MRCI+Q 	
  	
  	
  	
  	
  -­‐60%	
  !	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  CASPT2 	
  	
  	
  	
  	
  -­‐40%	
  !	
  
	
  classical	
  HO 	
  	
  	
   	
  	
  	
  50-­‐0%	
  

	
  classical	
  anharmonic 	
  	
  60-­‐140%	
  	
  	
  	
  	
  
Pitzer-­‐Gwinn	
  (~quant.	
  an.)	
  20-­‐140%	
  

Beyer-Swinehart 
direct counts  

N
M

S
X

1/N
M

S
X

1(
Q

C
IS

D
(T

)/A
TZ

)  
Monte Carlo 
sampling 

small 

big! 

big! 
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Because               ,  
•  frequencies are not 

invariant to coordinate 
system 

•  singlet and triplet 
frequencies do not agree 

MSX	
  frequencies	
  

Average Singlet (% diff) Triplet (% diff) 
486 538 (11) 430 (-11) 
517 571 (10) 455 (-12) 

1513 1508 (-0.3) 1518 (0.3) 
3550 3560 (0.3) 3541 (-0.3) 
3619 3625 (0.2) 3612 (-0.2) 

    

€ 

∇V ≠ 0

QCISD(T)/ATZ 
MSX1 frequencies (cm-1) 

H H

O O

H H

O O

3619 3550 

H H

O O

H H

O O

H H

O O

1513 

517 486 

singlet 
triplet 

    

€ 

∇V ≈O −O stretch

N(E) quant. HO:  (-25%)              (60%) 
Beyer-Swinehart 
direct counts  
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singlet 

triplet 

average 

gap = 0 

  

€ 

Ncl ,anharm

Ncl ,HO

Monte Carlo 
sampling 
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Errors	
  in	
  spin-­‐forbidden	
  NA	
  “TST”	
  rela.ve	
  to	
  
those	
  for	
  spin-­‐allowed	
  TST	
  due	
  to	
  the	
  PES	
  

•  Accuracy	
  of	
  the	
  MSX	
  energy	
  is	
  similar	
  to	
  that	
  for	
  saddle	
  point	
  energies	
  
	
  (not	
  shown,	
  but	
  tested)	
  

•  Intrinsic	
  ambiguity	
  in	
  harmonic	
  frequencies	
  at	
  the	
  MSX	
  
	
  addi&onal	
  error	
  up	
  to	
  60%	
  

•  For	
  anharmonic	
  state	
  counts,	
  finding	
  the	
  true	
  seam	
  is	
  important	
  
	
  factor	
  of	
  2-­‐3	
  error	
  when	
  sampling	
  the	
  “harmonic”	
  seam	
  

13 

Next: An analysis of errors due to the NA TST model 



Non-­‐Born-­‐Oppenheimer	
  MD	
  for	
  
exploring	
  spin-­‐forbidden	
  physics	
  

NBO	
  MD:	
  full-­‐dimensional	
  semiclassical	
  dynamics	
  
	
  	
  	
  	
  general	
  global	
  electronic	
  couplings	
  
	
  	
  	
  	
  electronic	
  tunneling	
  &	
  (de)coherence	
  
	
  	
  	
  	
  the	
  CSDM	
  variant	
  is	
  the	
  most	
  accurate	
  of	
  the	
  methods	
  tested	
  

	
  
Nuclear	
  d.o.f.	
  (classical)	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Electronic	
  d.o.f.	
  (quantal)	
  

!x = p /µ

!p = !"Veff
i! "c i= cjVij (t)

j
!

time-dependent 
Schrodinger equation 

€ 

Ψelec = ciφi
i
∑ ; ρij = ci

*c j

Vij	
  are potentials & couplings  

∑=
ji

ijijeff VV
,
ρ

n-e coupling 

Vij (t) =Vij (x(t))
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Error	
  analysis	
  for	
  3O	
  +	
  CO	
  è	
  CO2	
  
	
  	
  	
  	
  	
  	
  	
   	
  Competes	
  with	
  CO	
  +	
  OH,	
  etc,	
  to	
  oxidize	
  CO	
  
p-­‐dependence	
  important	
  in	
  combus.on	
  models	
  (Dryer,	
  C&F,	
  1997;	
  others)	
  
•  No	
  previous	
  ab	
  ini&o	
  kine&cs	
  
•  PES	
  characterized	
  (Hwang	
  and	
  Mebel,	
  Chem	
  Phys,	
  2000)	
  

3O	
  +	
  CO	
  	
  collinear	
  MSX	
  	
  CO2 	
  	
  	
  	
  	
  	
  	
  	
  (direct)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  3CO2	
  	
  bent	
  MSX	
  	
  CO2	
  	
  	
  (indirect)	
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Plot of min(singlet, triplet) 
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with Dawes, MST 
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3O	
  +	
  CO	
  

17 

3O+CO 

min(singlet, triplet) 
O

-C
 d

is
ta

nc
e,

 Å
 

O-C-O angle 

MSX 

P
LZ

 

1/4 direct               3.4 
1/4 intermediate    1.8 
1/2 statistical         2.3 

103 <PLZ> 

103 <PLZ>all = 2.5 
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direct 

indirect 

3O+CO 

CO2 

3CO2 

collinear	
  MSX 

bent	
  MSX	
   

Crossing	
  seams	
  are	
  not	
  transi.on	
  states	
  
Miller’s	
  unified	
  staHsHcal	
  theory	
  

1
N
=
1
N1

+
1
N2

!
1
Nm

Pm 

Sm 

0 

statistical 
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Up to 3x effect in multidimensional dynamics at low E 

NBO MD 

Mul.dimensional	
  Effects	
  in	
  Phop	
  
Landau-­‐Zener:	
  One-­‐dimensional	
  formula	
  with	
  linear	
  PES	
  &	
  constant	
  HSO	
  

Neglects:	
  	
  	
  	
  	
  	
  	
  Geometry	
  dependent	
  spin-­‐orbit	
  seam	
  proper&es	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Mul&dimensional	
  dynamics	
  

20 

LZ (MSX) 
LZ (traj) 

Each symbol is a 
seam crossing 

€ 

⊥

H2OO* à 

Negligible effect from geometry-dependent seam properties 
€ 

⊥

3O + CO à 

Up to 2x from multi-d seam properties 

Smaller effect from multi-d dynamics 



Improved	
  spin-­‐forbidden	
  methods	
  
Direct	
  dynamics	
  CSDM	
  NBO	
  MD	
  

–  Expensive,	
  classical	
  nuclear	
  dynamics	
  
	
  
New	
  sta.s.cal	
  theory	
  for	
  spin-­‐forbidden	
  reac.ons	
  
•  Sample	
  coordinates	
  and	
  momenta	
  on	
  the	
  seam	
  microcanonically	
  

Anharmonic	
  with	
  shortest-­‐distance	
  gap	
  minimiza&ons	
  

•  Mul&dimensional	
  Phop	
  :	
  Run	
  short-­‐&me	
  NBO	
  MD	
  trajectories	
  through	
  
seam,	
  Phop	
  (Ex)	
  =	
  <ρf11	
  –	
  ρi11>	
  ;	
  ρi11	
  =	
  0	
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Results:	
  O	
  +	
  CO	
  
O	
  +	
  CO	
  high	
  P	
  limit 	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  CO2	
  (+	
  Kr)	
  
dw-­‐MRCI+Q/CBS 	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  No	
  falloff	
  at	
  highest	
  exp	
  P	
  (250	
  atm)	
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exp : Wagner, Zabel, Ber. Bunsen-Ges. Phy. 
Chem. 78, 76 (1974) 
analysis : Saxena, Kiefer, Tranter, JPCA  111 
3884 (2007) 

4600 K 

3900 K 

3400 K 

3000 K 



Summary	
  

•  Spin-­‐forbidden	
  kine&cs	
  calcula&ons	
  have	
  all	
  the	
  same	
  sources	
  of	
  error	
  as	
  
spin-­‐allowed	
  rates	
  as	
  well	
  as	
  errors	
  in	
  the	
  simple	
  LZ-­‐based	
  NA	
  “TST”	
  model	
  

•  NBO	
  MD	
  (CSDM)	
  can	
  be	
  used	
  to	
  elucidate	
  spin-­‐forbidden	
  physics	
  

•  An	
  improved	
  spin-­‐forbidden	
  sta&s&cal	
  model	
  incorporates	
  	
  
	
  mul&dimensional	
  hopping	
  probabili&es	
  via	
  short-­‐&me	
  NBO	
  MD	
  
	
  	
  

Co-­‐workers	
  
	
   Argonne      Minnesota           Sandia CRF 

Larry Harding       Don Truhlar             Nils Hansen 
Stephen Klippenstein              Eugene Kamarchik 
Jim Miller      Missouri S&T        Melania Oana 
Rob Tranter       Richard Dawes             Judit Zádor 
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Extra:	
  Crossing	
  seams	
  are	
  not	
  transi.on	
  states	
  

A	
  crossing	
  seam	
  is	
  not	
  a	
  local	
  minimum	
  in	
  the	
  flux	
  	
  
	
  no	
  varia&onal	
  principle	
  =	
  lots	
  of	
  recrossing	
  

Recrossing	
  is	
  important	
  for	
  nonneglible	
  spin-­‐forbidden	
  rates	
  
	
  Total	
  SF	
  probability	
  ≈	
  	
  

Dynamics	
  is	
  nonlocal	
  only	
  if	
  	
  
decoherence	
  is	
  slow	
  
  τdeco	
  –	
  &me	
  for	
  electronic	
  variables	
  

	
  to	
  “reset”	
  
	
  	
  	
  	
  	
  Δtx	
  –	
  &me	
  between	
  crossings	
  
	
  
Independent	
  2nd	
  pass	
  if	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  τdeco	
  <	
  Δtx	
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Phop
crossings
!

coherent t.d.s.e. 

1st crossing 

2nd crossing 

Electronic dynamics along a trajectory 

independent 
crossings 


